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Abstract
The magnetic flux density in the magnetizing coil during the hysteresis measurement was calculated. The
influence of a slot, machined in a ferromagnetic plate was simulated. The size of the magnetizing yoke
was changed and the influence of this modification was studied on the detectable flux density. The size
of the slot and the thickness of the air gap, which appears between the magnetizing yoke and plate’s
surface, was also taken into account. It was found that by this simulation the experimental conditions
could be successfully modelled. A sensitivity analysis of the studied nondestructive testing setup was also
performed and the impact of different experimental parameters was analyzed. The results of simulation
can be used successfully for determining the optimal parameters of the actual measurement
arrangement if method Magnetic Adaptive Testing measuring technique (which is based on systematic
measurement and evaluation of minor magnetic hysteresis loops) is applied.
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Introduction
For pipes used in industry, e.g. in chemical and power plants, wall thinning is one of the most
serious defects [1,2]. Detection and evaluation of the thickness reduction of pipes are very important
issues for prediction of lifetime of the pipes in order to avoid severe accidents. Local wall thinning on the
inner surface of a pipe (e.g. in a nuclear power plant) may occur due to the stream of coolant flowing
inside the pipe, causing a serious problem of maintenance of the piping systems. The inspection should
be done from the outer side of the pipe. There is a special concern on the local wall thinning at locations
under an enforcement shield that covers outside of the pipe, where a branch pipe is connected to the
main one. Because the enforcement shield and the pipe wall form two layers of metal, it is difficult to
inspect inside of the pipe under the enforcement shield by any ultrasonic method. Magnetic methods
seem to be effective electromagnetic nondestructive testing techniques for inspection of local wall
thinning at locations under an enforcement shield. As an example, the feasibility of magnetic flux leakage
(MFL) method for estimation of wall thinning of pipes under reinforcing plates in nuclear power plants
was discussed. Assessment of size of a slit fabricated on the undermost layer of the layered specimen
was shown to be possible from the flux leakage profile. It was shown that conditions of wall thinning
under reinforcing plates can be monitored by MFL method [3,4]. Perhaps the most promising way for
detection of local wall thinning in ferromagnetic plates is a recently developed nondestructive method,
called Magnetic Adaptive Testing (MAT), which is based on systematic measurement and evaluation of
minor magnetic hysteresis loops [5]. It was shown that even a relatively small, local modification of the
plate thickness could be detected with adequate signal/noise ratio from the other side of the specimen.
The measurements gave proper results also, if the investigated plate was covered by other plate(s) [6,7].
To improve the applicability of MAT, the measurement conditions should be optimized. It is
important to study, how the modification of the measured hysteresis loops, caused by the presence of
an artificial slot in the investigated ferromagnetic plate(s) are influenced by the geometry of the applied
magnetizing yoke, by the height of the air gaps between the magnetizing yoke and sample surface (and
also between the plates) and also by the size of the slot. For this purpose numerical simulation was
performed.
The numerical simulation of the change of magnetic flux density caused by the presence of an
artificial slot, placed on the opposite side of the plate to be magnetized in a system contaning several
plates has never been simulated previously- to our best knowledge. In several works [8,9] it was
simulated how different flaw geometries and sizes influence the measured signal, but these calculations
were made for the case of a surface flow.
In our recent work we calculated how the geometrical parameters of the measured arrangement
affect the change of the magnetic flux inside the magnetizing coil, which is the main source of the
detected change in the measured signal. The yoke size and influence of air gap (which is extremely
important in open magnetic circuits) were also taken into account in a three plate system of
ferromagnetic plates.The result of simulation will help to find the optimal parameters of the
experimental arrangement.
Experimental arrangement
 A system of three ferromagnetic plates was investigated. The size of the investigated iron plates
was 180 x 170 x 3 mm. 170 mm long and 2 mm deep slots with three different widths, 5, 10 and 15 mm,
in the bottom plate were considered, while the magnetization of the three-plate system was performed
from the top side, by attaching a magnetizing yoke. The investigated system (one quarter of it) is shown
in Fig. 1, while in Fig. 2 the geometry of the magnetizing yoke can be seen. The same iron material was
considered for both the plates and the yoke having µr = 5000 relative permeability. The changing of the
magnetic flux was calculated in the cross section “S” (blue area) of the magnetizing yoke, as indicated in
Fig. 1.
Calculations were performed for single, double and triple sheet system. (This latter configuration
is sketched in Fig. 1.) The magnetic flux was calculated by systematic modification of the size of the
magnetizing yoke (the distance between yoke legs was modified) for the three different slot widths. The
influence of air gap was also taken into account, between the yoke and surface, and also between the
plates. Air gaps are indicated by blue color in Fig. 3.
Simulation method
The AC/DC Module of the Comsol Multiphysics® finite element software was used for the
simulations [10]. The physics setting is “magnetic fields” (mf), the governing equation of which is
(1)
Here  is the magnetic vector potential, from which the magnetic flux density is obtained as ,
 is the current density,  stands for the local permeability of the media. The excitation is prescribed as
a surface current density  on the lateral surfaces of the “bridge” of the yoke, which adds up to a total
current of 1 AT. The flux of the yoke is computed by the integral of the flux density over the cross-
sectional surface S (see Fig. 1):
(2)
Worth noting, that the air gap can be modeled in the software as a specific surface called “thin low
permeability gap”. This efficient modeling method makes the volumetric discretization of the air gap
unnecessary. The gap is represented during the simulation by the following interface condition:
(3)
where  denotes the magnetic field vector,  is the unit surface normal vector,  is the normal
component of the flux density,  and  represent the permeability and thickness of the air gap,
respectively, and  is the 2D “tangential nabla” operator, which confines to the surface. The finite
element model consists of about 1.6 million degrees of freedom.
Results of simulations
 The variation of magnetic flux, Φ1 and Φ2 was calculated according to the above described way.
Φ 1 denotes the flux if there is no slot in the material (μr = 5000) and Φ 2 is the flux in the presence of the
slot (μr = 1). The simulation was performed for the single, double and triple layer configuration,
respectively. The value of air gap was changed in the 0 – 50 μm range.
 Fig. 4 shows for the single, double and triple layer configurations, which contain 10 mm wide and
2 mm deep slot, how the relative change of the flux, │Φ 1 − Φ 2│/Φ 1 depends on the distance between
the yoke legs and on the air gap.
By taking into account the results of simulation, in the following figures we show, how the change
of the magnetic flux – due to the presence of the slot placed in the bottom layer – depends on the
distance between the legs of the magnetizing yoke, as sketched in Fig. 2. The flux change in the vertical
axis means the ratio of the magnetic fluxes computed without and with the slot, respectively. Three
different widths of the 2 mm deep slots (5, 10 and 15 mm) were considered in each case. Fig. 5 shows
the results obtained for the single layer (single plate) configuration, while Fig. 6 and 7 do the same for
the double and triple layer configurations. The calculations were performed for three different
thicknesses of the air gap (0, 5 and 10 μm). In these figures only those results are shown, where the air
gap was taken into account only between the magnetizing yoke and sample surface. Note, that the
vertical scale is different in each graph, emphasizing better the existence of a local maximum in flux
change. The “Flux change NoSlot/Slot” shown at vertical axis means, that this is the ratio of the magnetic
flux densities, calculated for the case without slot (NoSlot), and for the case when slot exists (Slot). In
other words, this is the influence of the slot on the flux density.
 Calculations were performed also for those cases, where air gaps were supposed not only
between the magnetizing yoke and plate’s surface but also between the adjacent plates. As an
illustration of these simulations, Fig. 8 shows the changing of the magnetic flux in the triple layer
configuration due to the existence of 5, 10 and 15 mm wide slots as a function of the distance between
yoke legs if 5 μm air gap was supposed between the magnetizing yoke and sample surface and also
5-5 μm air gaps between the layers, resulting total 15 μm air gap (not all of the computed results are
shown here due to space constraints). Note that the vertical axis scale of Fig. 8 differs significantly from
those of Figs. 5, 6 and 7.
The influence of the air gap itself was also evaluated from the simulated results. For instance,
Fig. 9 shows how the maximum of the relative flux changing (peak values of the curves in Figs. 5, 6 and 7)
depends on the thickness of the air gap in the single layer configuration with a 10 mm wide slot. The
curves are given for different yoke sizes. Similar functions were obtained for the double and triple layer
configurations, but not presented here.
Qualitative evaluation of the results
 It is obvious from Figs. 4 and 9 that the air gap, which is inevitable in all such types of
experiments, has the most significant influence on the magnetic flux, while other parameters (such as
the distance between yoke legs) have much weaker effect. Evidently, the examiner tries to keep the air
gap as small as possible during the measurement to avoid this unwanted effect, provided he/she can get
control on it. At least, it is important to keep the air gap constant in order to perform reliable and
reproducible measurements.
 The simulation also revealed that the flux change remains well measurable even for a relative
large air gap (like 20 or 25 μm), despite the fact that the flux itself decreases rapidly with increasing air
gap. For instance, when supposing 20 or 25 μm air gap between the yoke and plate (which is quite
normal in the measurement praxis) in the single layer configuration, a relative flux change as high as
about 3% is expected, as Fig. 10 witnesses. This difference is large enough to get acceptable sensitivity in
a MAT measurement. The influence of the air gap in MAT measurements was already discussed in [11],
and it confirms the results of the present simulation. However, if double or triple layer configurations are
considered, the available maximum flux change is significantly less than in the single layer case. For
instance, in the triple layer configuration supposing a 20 μm air gap between yoke and plate, the
calculated flux change is less than 1%, which makes the reliability of measurement questionable in this
case.
 Unlike the air gap, other parameters, e.g. the size of the yoke, are more-or-less the examiner’s
choice. Simulations can help to optimize the measurement configuration to get as high sensitivity in the
local wall thinning inspection as possible. For example, the flux change caused by plate thinning (slot) has
a definite local maximum as function of the yoke size. This means one can optimize the size of the yoke
for detecting the presence of the slot. Obviously, the optimal distance of yoke legs is smaller than slot
width in a single layer configuration, while it becomes larger in the double and triple layer
configurations. Therefore in the practical application, where the defect size is usually not known in
advance, choosing a larger magnetizing yoke might yield better results. Moreover, the change in the
magnetic flux due to the slot does not seem to be very sensitive to the choice of the yoke’s size (10% or
less), which underlines the reliability of the measurement.
 Finally, it was found that the flux change is roughly proportional with the size of the slot. An
illustration to this is Fig. 11, in which the maximum relative flux change (as determined from Fig. 5a) is
plotted as function of the slot width (single layer configuration, no air gap, slot depth is 2 mm). Notably
this correlation, which agrees with our expectations, gives rise to methods for estimating the size of the
defect from the measured signal.
Quantitative study, sensitivity analysis
In this section a sensitivity analysis of the above described nondestructive testing setup is
presented, relying on the numerical simulation of the configuration. The original configuration is
equipped here with further variable parameters, such as the thickness and permeability of the plates and
the permeability of the yoke. All of this in order to examine the sensitivity of the measured signal with
respect to them. Also the position of the yoke can be changed, which enables the latter scanning above
the slot: the yoke can move along the top of the uppermost plate, in the direction perpendicular to the
slot. The position of the yoke is equal to the distance between the center line of the slot and the yoke.
Let be a mathematical model (e.g. a finite element model) that depends on a set of M
independent input variables . In our case the input variables can be, e.g., the dimensions
of the yoke and the material parameters. In general, the purpose of the sensitivity analysis is the
quantification of the variance of the model response —herein the flux of the yoke— caused by the
uncertainty of each input parameter. This kind of analysis is useful to separate the most and less
important parameters of a model, thereby it has many applications in the scientific, economical and
industrial fields [12]. As a result of the analysis one can prescribe proper manufacturing tolerance limits
to each part of the process, or it can be used to describe the reproducibility of a measurement method.
The numerous methods can be divided into two main groups, such as local methods that aim at
describing the effect of the parameters only around a mean value (e.g. perturbation method), and global
methods that are based on the partitioning of the total output variance among the groups of the input
variables according to their contribution to the total variance. In this work the Sobol-index technique is
used, which belongs to the latter group. The technique is briefly summarized here for completeness.
Sobol-indices
The idea behind the Sobol-indices is to decompose the model function into the sum of
orthogonal basis functions of increasing dimension, as an infinite expansion. Without the loss of
generality it is assumed that all input variables are uniformly distributed in the  range. The Sobol
decomposition of  can be written as:
(4)
where  is equal to the expected value of , and the integrals of the basis functions with respect to
their own variables are zeros:
(5)
This expansion is shown to exist and to be unique [13]. The basis functions can be calculated in a
recursive manner as follows:
(6)
where . Due to the orthogonality of the summands, the total variance of
 can be partitioned into the sum of the variance of the basis functions:
(7)
where
(8)
and
(9)
The Sobol-indices are defined as:
(10)
that represents the contribution of a group of input variables to the total output variance. In the case of
the so-called first order Sobol-indices, the groups consist of only one input variable. The sum of all Sobol-
indices is 1, hence the value of an index can easily be interpreted as the importance of each variable or
group of variables.
Polynomial Chaos Expansion
The number of model evaluations needed to be performed to a proper sensitivity analysis could
be extremely high by increasing dimension, which results in a high cost in terms of computational time.
Surrogate models such as Polynomial Chaos Expansion (PCE) provide the user a functional approximation
of the model as a substitution that significantly reduces the cost of evaluation.
Let be a random vector of independent variables and be a finite variance
computational model. The polynomial chaos expansion of  is described as:
(11)
with  being a so-called multi-index set,  are multivariate polynomial basis
functions, which are orthonormal with respect to the joint probability density function of X, and
denote the corresponding coefficients. The orthonormal basis is traditionally built as a tensor product of
orthonormal univariate basis functions:
(12)
The univarite functions are chosen with respect to the type of distribution, e.g. in the case of uniform
distribution  is a Legendre-polynom of order αi.
In the practice the multi-indices need to be truncated to a finite set  (for which
there are numerous methods, e.g. the maximization of the polynomial order in a number p), thus we get
an approximation of the original model function. Considering a set of input samples and the
corresponding model responses, the coefficients can be calculated by means of the ordinary
least-squares method:
(13)
Beyond reducing the computational cost of the model evaluation as a surrogate model, the main
importance of PCE reveals in the computation of the Sobol-indices. Since both Sobol decomposition and
PCE creates an expansion of the model and this expansion is unique, there is a strong connection
between the two. Thus the Sobol-indices can be calculated from the coefficients of PCE as described
in [14,15].
Numerical description and results of the sensitivity analysis
The sensitivity analysis is performed with the consideration of the parameters shown in Table 1.
It is assumed that all of them have uniform distribution in the given interval.
The simulation was evaluated in 11 different positions of the yoke in [0…25] mm with N = 500
input samples in each position. The analysis revealed the importance of the air gap, which has an
average Sobol-index of 0.92, while the other parameters have at least 4 order of magnitude lower
indices.  In Fig. 12 the change of the Sobol-index of the air gap parameter is illustrated in the case when
using both up to first order (p = 1) and up to second order (p = 2) Legendre-polynomials as well.
Further, the Sobol-index of the air gap is found to be practically independent of the position of
the yoke, and its value falls between 0.91 and 0.99 when using the maximal polynomial degrees 1 and 2.
Consequently, this parameter is definitely the most dominant one in the output uncertainty. Despite the
change in the polynomial order, the indices have almost no variation, which indicates the fast
convergence of PCE. It can also be observed that the importance of the air gap is slightly reducing as the
yoke moves away from the slot.
Since the air gap suppresses the other parameters, a second evaluation was performed for the
rest of the parameters, with the air gap being fixed to zero. In this four-parameter case the Sobol-indices
calculated with first and second order Legendre-polynomials, respectively, were found to be very close
to each other (the average error is below 0.3%), thus only the latter one is plotted in Fig. 13.
The uncertainty of the yoke offset (Δx) seems to be the less important parameter as its indices
are very close to zero. The other three parameters have similar impact on the output variance when the
yoke is close to the slot, while far from it the effect of the depth of the plate reduces and the
permeability of the core is becoming the most important factor.
Conclusions
 The influence of a slot, machined in a ferromagnetic plate was simulated. The changing of the
magnetic flux – due to the presence of the slot – in the magnetic circuit was calculated. Single, double
and triple layer configurations were considered, where the magnetization takes place by an attached
magnetizing yoke from the top of the layers, while the slot is located on the bottom side. The size of the
magnetizing yoke was changed and the influence of this modification was studied on the detectable flux.
The size of the slot and the thickness of the air gap, which exists between the magnetizing yoke and
plate’s surface were also taken into account. It was found that by this simulation the experimental
conditions could be successfully modelled.
A sensitivity analysis of the studied nondestructive testing setup was also performed. This
analysis also showed that the air gap has the largest impact on the measured signal – in accordance with
our expectation. Other parameters have several order of magnitude lower indices. The uncertainty of
the yoke position seems to be the less important parameter and the other three parameters
(permeability of the plate, permeability of the core and thickness of plate) have similar impact on the
output variance when the yoke is close to the slot, while far from it the effect of the depth of the plate
reduces and the permeability of the core is becoming the most important factor.
 The results of simulation can be used successfully for determining the optimal parameters of the
actual measurement arrangement of the Magnetic Adaptive Testing method. The main message of the
present work is to show the tendency, that is, how the parameters of the testing arrangement affect the
measured magnetic flux.
 We are going to continue this work, and in the next publication we will show how the results of
simulation can be verified experimentally.
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Table 1: Input variables and their ranges
Parameter Uncertainty interval Unit
Thickness of the airgap (dairgap) [10 … 50] μm
Permeability of the plate (μplate) [4500 … 5500] –
Permeability of the core (μcore) [4900 … 5100] –
Thickness of plate (dplate) [2.9 … 3.1] mm
x-offset of the yoke (Δx) [-0.1 … 0.1] mm
Figure captions
Fig. 1: The magnetizing yoke over the system of three iron plates, the undermost containing the slot.
Fig. 2: The geometry of the magnetizing yoke.
Fig. 3: The air gaps between adjacent metal surfaces.
Fig. 4: The relative change of magnetic flux as a function of the yoke legs distance and the air gap, for the
three investigated configurations.
Fig. 5: Changing of the magnetic flux in the single layer configuration due to the presence of 5, 10 and
15 mm wide slots as a function of the distance between yoke legs. a) no air gap , b) 5 μm air gap,
c) 10 μm air gap between the magnetizing yoke and sample surface.
Fig. 6: Changing of the magnetic flux in the double layer configuration due to the presence of 5, 10 and
15 mm wide slots as a function of the distance between yoke legs. a) no air gap , b) 5 μm air gap,
c) 10 μm air gap between the magnetizing yoke and sample surface.
Fig. 7: Changing of the magnetic flux in the triple layer configuration due to the presence of 5, 10 and
15 mm wide slots as a function of the distance between yoke legs. a) no air gap , b) 5 μm air gap,
c) 10 μm air gap between the magnetizing yoke and sample surface.
Fig. 8: Changing of the magnetic flux in the triple layer configuration due to the presence of 5, 10 and
15 mm wide slots as a function of the distance between yoke legs. 5 μm air gap was supposed between
the magnetizing yoke and sample surface and also 5-5 μm air gaps between the layers, resulting a total
of 15 μm air gap.
Fig. 9: The maximum flux ratio as a function of the air gap for different yoke sizes.
Fig. 10: The maximum relative flux change as a function of distance between yoke legs for two
thicknesses of air gap between the yoke and plate, in the single plate configuration with a 10 mm wide
slot.
Fig. 11: The maximum value of relative flux change as a function of the width of a 2 mm deep slot (single
layer configuration, no air gap).
Fig. 12: Sobol-indices of the air gap parameter with PCE of polynomial order p = 1 (left) and p = 2 (right)
Fig. 13: Sobol-indices of all parameters (except the size of the air gap) as function of the yoke position.
Fig. 1: The magnetizing yoke over the system of three iron plates, the undermost containing the slot.
Fig. 2: The geometry of the magnetizing yoke.
Fig. 3: The air gaps between adjacent metal surfaces.
Fig. 4: The relative change of magnetic flux as a function of the yoke legs distance and the
air gap, for the three investigated configurations.
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Fig. 5: Changing of the magnetic flux in the single layer configuration due to the presence of
5, 10 and 15 mm wide slots as a function of the distance between yoke legs. a) no air gap ,
b) 5 μm air gap, c) 10 μm air gap between the magnetizing yoke and sample surface.
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Fig. 6: Changing of the magnetic flux in the double layer configuration due to the presence of
5, 10 and 15 mm wide slots as a function of the distance between yoke legs. a) no air gap ,
b) 5 μm air gap, c) 10 μm air gap between the magnetizing yoke and sample surface.
0 5 10 15 20 25
1,003
1,004
1,005
1,006
1,007
5 mm wide slot
10 mm wide slot
15 mm wide slot
Triple layer
Airgap = 0Fl
ux
 c
ha
ng
e 
N
oS
lo
t/S
lo
t
Distance between yoke legs (mm)
a)
0 5 10 15 20 25
1,0015
1,0020
1,0025
1,0030
1,0035
1,0040
1,0045
b)
5 mm wide slot
10 mm wide slot
15 mm wide slot
Triple layer
Airgap 5 mm
Fl
ux
 c
ha
ng
e 
N
oS
lo
t/S
lo
t
Distance between yoke legs (mm)
5 10 15 20 25
1,0010
1,0015
1,0020
1,0025
1,0030
c)
Triple layer
Airgap 10 mm
5 mm wide slot
10 mm wide slot
15 mm wide slot
Fl
ux
 c
ha
ng
e 
N
oS
lo
t/S
lo
t
Distance between yoke legs (mm)
Fig. 7: Changing of the magnetic flux in the triple layer configuration due to the presence of
5, 10 and 15 mm wide slots as a function of the distance between yoke legs. a) no air gap ,
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Fig. 8: Changing of the magnetic flux in the triple layer configuration due to the presence of
5, 10 and 15 mm wide slots as a function of the distance between yoke legs. 5 μm air gap
was supposed between the magnetizing yoke and sample surface and also 5-5 μm air gaps
between the layers, resulting a total of 15 μm air gap.
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Fig. 9: The maximum flux ratio as a function of the air gap for different yoke sizes.
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Fig. 10: The maximum relative flux change as a function of distance between yoke legs for
two thicknesses of air gap between the yoke and plate, in the single plate configuration with
a 10 mm wide slot.
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Fig. 11: The maximum value of relative flux change as a function of the width of a 2 mm
deep slot (single layer configuration, no air gap).
Fig. 12: Sobol-indices of the air gap parameter with PCE of polynomial order p = 1 (left) and p = 2 (right)
Fig. 13: Sobol-indices of all parameters (except the size of the air gap) as function of the yoke position.
